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Abstract 
Modifying material properties at the nanoscale is crucially important for devices in 
nanoelectronics, nanophotonics and quantum information. Optically active defects in wide 
band gap materials, for instance, are critical constituents for the realisation of quantum 
technologies. Here, we demonstrate the use of recoil implantation, a method exploiting 
momentum transfer from accelerated ions, for versatile and mask-free material doping. As a 
proof of concept, we direct-write arrays of optically active defects into diamond via 
momentum transfer from a Xe+ focused ion beam (FIB) to thin films of the group IV dopants 
pre-deposited onto a diamond surface. We further demonstrate the flexibility of the 
technique, by implanting rare earth ions into the core of a single mode fibre. We conclusively 
show that the presented technique yields ultra-shallow dopant profiles localised to the top 
few nanometres of the target surface, and use it to achieve sub-50 nm positional accuracy. 
The method is applicable to non-planar substrates with complex geometries, and it is suitable 
for applications such as electronic and magnetic doping of atomically-thin materials and 
engineering of near-surface states of semiconductor devices. 
Introduction 
 
Much of solid-state science revolves around modification of materials at the atomic scale, 
where site-selective control over the incorporation and formation of defects within a host 
lattice enables control of physical, chemical and optoelectronic properties. Ion implantation 
has become a key tool in this regard, allowing for the modification of material properties for 
nanoelectronics, spintronics and quantum photonics.1-4 Of particular interest is the 
generation of optically-addressable qubits such as colour centres in diamond, silicon carbide 
(SiC) or yttrium orthovanadate (YVO4) which are considered prime candidates for scalable 
quantum technologies.5-8 Examples include the nitrogen vacancy (NV) centre9 and more 
recently the group IV elements10-16 in diamond that exhibit excellent optical and coherence 
properties suitable for quantum circuitry.17-19  
 Over the last few decades, significant efforts have been committed to the 
deterministic creation of colour centres in solid-state host materials by ion implantation. 20-27 
While the technique is well established, there are fundamental constraints which limit its 
application in nanotechnology realizations. For instance, standard ion implanters employ 
beams that are too wide for direct-write patterning with a precision of tens of nanometres—
requiring integration with mask-based lithographic techniques to achieve sub-micron lateral 
resolution. They are also generally ineffective for the implantation of foreign species into 
atomically-thin materials such as graphene or transition metal di-chalcogenides,28 especially 
when high positional accuracy and lateral resolution is needed. To overcome these intrinsic 
limitations, focused ion beam (FIB) systems which can operate at low energies and can 
perform direct writing have been developed. The main drawback of these systems, however, 
is the narrow range of atomic species available to them: most are limited to elements that 
can be implanted from a liquid metal ion source.29  
Here, we demonstrate a feasible method that targets these limits. Stemming from 
recoil implantation and ion beam mixing,30-33 the method utilises an inert primary focused ion 
beam to implant secondary species into a solid host by transfer of momentum. When the 
method was proposed over half a century ago, ion beam mixing/recoil implantation was 
mostly studied with a focus on mixing at the interface of adjacent layers, without 
demonstration of working devices. Nevertheless, the technique combines features which are 
usually displayed—individually—by different approaches: it works for a large variety of 
elements, it is mask-free, and it is capable of incorporating dopants with high spatial 
resolution (~ tens of nanometres) and at shallow depth (~few nanometres). By combining 
capabilities that typically require a range of instruments and methods, the demonstrated 
approach to recoil-implantation is complementary to existing ion implanters and FIB 
instruments, and will broaden their capabilities and reach. It works for a wide variety of 
chemical species, it is particularly appealing for multi-elemental implantation—both in the 
context of co-irradiations and serial irradiation—and it can be used on target samples with 
non-trivial spatial features and geometries. We showcase this versatility by fabricating a range 
of optically-active, atom-like emitters from solid-state precursors in bulk diamond as well as 
at the apex of an optical fibre—the latter being a particularly challenging sample for standard 






To implement the recoil implantation technique, we employ a readily-available, unmodified 
dual beam system consisting of a coincident scanning electron microscope and a focused ion 
beam (SEM-FIB) with a xenon (Xe) plasma ion source, as shown in Figure 1a. The doping is 
performed by site-selective Xe+ beam irradiation of a target that contains the desired dopant 
species precursor in the form of a thin film. At the atomic scale, momentum transfer from 
xenon (purple circles in Figure 1a inset) to the precursor atoms (red circles) causes the latter 
to be implanted into the underlying target. The process can yield ultra-shallow implant 
profiles, which is desirable for many applications.  
As a benchmark for illustrating the versatility of this technique, we choose diamond, 
with a primary focus on a range of group IV elements in the periodic table: silicon (Si), 
germanium (Ge), tin (Sn) and lead (Pb). The reasons for the choice of host and dopants are as 
follows. First, diamond is available as an ultra-pure material with a wide bandgap and 
exceptional chemical inertness, making it an ideal platform for investigations of extrinsic 
dopants. Second, colour centres in diamond, particularly the group IV-related negatively 
charged vacancy complexes, are currently front runner systems for a plethora of quantum 
photonic and quantum sensing applications.10 Hence, a robust method to create these centres 
is desirable. Finally, these defects in diamond are optically active and can be imaged at a 
single-photon level. This, in turn, allowed us to establish the efficacy of the proposed 
technique in the extreme case of advanced material systems which require engineering of 
individual, isolated atomic point defects.  
To perform the recoil implantation, the aforementioned group IV elements were deposited 
onto diamond using a standard sputtering technique (15-nm thickness). Then, a 30 keV, 
focused Xe+ ion beam was used to pattern the University of Technology Sydney logo, and the 
acronym “UTS” into the thin film sections using an ion beam fluence of 2.5×1013 cm2. After 
irradiation, the thin film was stripped using chemical processes and the diamond was 
annealed to activate the emitters (i.e. vacancy complexes of Pb, Sn, Ge and Si). Further 
specifications are given in the Methods section and in the Supplementary Note 1. Figure 1b 
shows a photoluminescence (PL) map of the implanted area. The UTS emblem and the letters 
U, T, and S are clearly visible. Importantly, the emblem and each of the letters consist of a 
different dopant—Pb, Sn, Ge, and Si, respectively—implanted using the same inert Xe+ ion 
beam. We stress that the doping is achieved by momentum transfer from the xenon beam to 
the aforementioned elements in the thin films deposited atop the diamond. The pattern is 
formed by electrostatic scanning of the ion beam with no additional lithography steps. The 
process is performed using a dual FIB-SEM system. All imaging and spatial alignments are 
therefore performed using the electron beam which is coincident with the ion beam at the 
diamond surface and serves as a passive imaging tool free from undesired implantation. 
Figure 1c shows photoluminescence spectra from the respective areas, featuring 
characteristic emissions of the four colour centres with zero phonon lines (ZPLs) at ≅ 550 nm 
(PbV), ≅ 620 nm (SnV), ≅ 600 nm (GeV), and ≅ 740 nm (SiV). Remarkably, the colour centres 
are all optically active and bright, despite the fact that the dopant profiles are ultra-shallow, 
as is discussed below.  
 
 
Figure 1. Creation of colour centres in a diamond target by recoil-implantation. a) Schematic 
illustration of the process inside a standard electron-ion dual beam microscope. The inset 
shows an atomic picture of the process: momentum is transferred from inert primary ions to 
the atoms of a thin film comprised of the dopants, resulting in implantation of the latter into 
the underlying target. b) Photoluminescence map of a pattern fabricated in a single region of 
diamond using four dopant species that were implanted by momentum transfer from an 
electrostatically scanned Xe+ beam. The emblem is patterned in Pb, and the letters U, T and S 
in Sn, Ge, and Si, respectively. The scale Bar corresponds to 5 μm. c) Photoluminescence 
spectra recorded from the implants in (b), showing characteristic emissions from defect 
complexes that contain the Pb (green), Ge (orange), Sn (red) and Si (maroon) dopants.  
  
Fluence and spatial control 
 
We now turn to an in-depth analysis of the technique and the fabricated dopants, 
starting with the photophysical properties of the emitters. For this purpose, spot arrays (10 × 
10) were patterned as a function of Xe+ fluence, which was varied logarithmically for each of 
the aforementioned dopants. Analysis of the implanted areas was then conducted at room 
temperature using a confocal setup with an oil-immersion objective. A representative map of 
a Xe+ fluence-dependent implantation series is shown in Figure 2a. The image refers 
specifically to the case of silicon-vacancy (SiV) emitters, but identical arrays were also 
patterned for the other three elements (GeV, PbV and SnV). For all four elements, we observe 
the emergence of the corresponding colour centre emission beyond a particular ion beam 
fluence (specified in Figure 2a). We note that the optical signals emerge after an annealing 
step, which promotes the formation of the fluorescent defect complexes, i.e. impurity atom 
adjacent to vacancy(ies), displaying photoluminescence emission. The observation of the 
emission above a particular Xe+ fluence is related to the stochastic nature of the activation 
process, further discussed in the Supplementary Note 2. 
The ion beam fluence needed to form an unambiguous observable pattern, specific to 
the 15-nm dopant film thickness used in our experiments, is on the order of 2.5×1013 cm-2, 
2.5×1013 cm-2, 5×1013 cm-2, and 5×1013 cm-2  for Si, Ge, Sn and Pb, respectively. This trend with 
atomic weight is intuitive given that the Xe+ ions mill the 15-nm films via sputtering and 
simultaneously implant the dopants into the underlying diamond via momentum transfer. 
Additional details about the creation yield and further characterisation (AFM and PL) are 
presented and discussed in the Supplementary Note 2 and 3, respectively. We note that co-
implanted Xe ions may also form luminescent colour centres in diamond,34 yet, their spectral 
features appear at 795 nm and 815 nm and do not overlap spectrally with the studied centres. 
Moreover, throughout the fluence range used in Figure 2, the Xe-related emission was not 
observed in PL spectra. Further details are provided in the Supplementary Note 4.  
Throughout the implanted arrays (fabricated as a function of Xe+ fluence), prominent 
ZPLs are observed at 738 nm (SiV), 602 nm (GeV), 620 nm (SnV) and 550 nm (PbV), as shown 
in Figure 2b, which are characteristic of the respective colour centres. We note that an 
additional broad peak at 630 nm appearing in some of the spectra is the Raman signal of the 
immersion oil (Supplementary Note 5). Also, in the case of SnV, an additional peak at 595 nm 
is present, associated with intermediate defect configurations.35 To confirm the quantum 
nature of the emitted light at the lowest implantation fluence, a second order autocorrelation 
function, (g(2)(τ)), was recorded from each of the emitters. The background-corrected g(2) (τ) 
curves are shown as insets in Figure 2b. A clear dip below 0.5 at zero-delay time is observed 
for GeV, SnV and PbV-related emitters, confirming the single photon nature of the implanted 
colour centres. We did not observe anti-bunching from the fabricated SiV colour centres, most 
likely due to their very low quantum efficiency.36  
The excited state lifetimes of the created defects are in accord with previously 
reported values—(1.5 ± 0.1) ns, (4.7 ± 0.1) ns, (3.9 ± 0.1) ns, (3.5 ± 0.2) ns, for SiV, GeV, SnV 
and PbV centres, respectively (Supplementary Note 6).10 Furthermore, resonant excitation at 
cryogenic temperatures was performed on some of the emitters. Narrowband linewidths on 
the order of 5 GHz were observed for the GeV and the SiV colour centres, which is promising 
for practical applications (Supplementary Note 7). For applications relying on the coherence 
of the spin state of these defects, further post-processing steps (e.g. high-pressure, high-
temperature annealing) may be needed to remove residual crystal damage.       
We further analysed the ZPL spectral properties of the ultra-shallow emitters. 
Interestingly, the distribution of ZPL wavelength increases with the atomic weight of the 
dopant species, under the exact same annealing conditions. For instance, the SiV ZPL is almost 
always at the same wavelength ≅ 738 nm, while the PbV and SnV ZPL vary over several nm. 
Furthermore, additional spectral lines (tentatively attributed to intermediate defect states) 
appear to a greater extent and with higher frequency for heavier implants, as discussed in the 
Supplementary Note 8. 14, 35, 37 Whilst some of these characteristics can be attributed to an 
increase in strain associated with dopant size, these results warrant further investigation, in 
particular towards optimisation of the annealing process.35, 38 Nonetheless, the recoil 
implantation technique is robust and can produce colour centres on demand, as 
demonstrated here with the group IV family in diamond. 
 
 
Figure 2. Spot arrays of dopants implanted into diamond as a function of Xe+ fluence. a) 
Photoluminescence map of a representative array, here shown for Si dopants. The framed area 
shows the lowest fluence of Xe+ that yielded an unambiguous observable array in this case. 
The number above each array specifies the Xe+ fluence in units of cm-2. b) Photoluminescence 
spectra of emitters from the lowest observable fluence of SiV (maroon), GeV (orange), SnV 
(red), and PbV-related emissions (green). An additional peak at 630 nm corresponds to the 
Raman signal of the utilised immersion oil. Insets show second order correlation 
measurements (background corrected), illustrating the quantum nature of the colour centres. 
c) Histograms showing variability in ZPL wavelength in spot arrays of the colour centre 
ensembles. 
 
Spatial control and depth profile  
 
Next, we analyse the dopant depth profiles, as well as positional accuracy of the recoil 
implantation. Lateral precision was determined using PL maps of spot-arrays of low fluence 
(5×1013 cm-2) GeV ensembles. The ensemble locations were determined by local fits of the PL 
signal at the nominal implantation sites to 2D gaussian functions and related to a fitted grid, 
as detailed in the Supplementary Note 9. The distance of the nominal position (i.e. the grid 
intersections) to the centre of the gaussian fit was calculated, yielding a Rayleigh distribution 
of the relative ensemble position, as shown in Figure 3a, whereas the extracted relative 
position did not show any skewness in the x or y direction (inset). A fit to a Rayleigh 
distribution, yields a mode of (44 ± 4) nm, representative of the implant-placement accuracy 
of the technique. This value is better than that required for engineering of quantum emitters 
within photonic devices, e.g. in the high field region of a 2D photonic crystal cavity.21  
To determine the ultimate lateral resolution of the technique, the above measure of 
accuracy should be considered in the context of the ion beam diameter, and that of straggle 
of atoms implanted. An experimental analysis of the ion beam is provided in the 
Supplementary Note 10. It should be noted that, in the case of the plasma FIB used here, the 
beam diameter is limited by the virtual source size and the ion beam focusing optics.39 It can 
be improved in a number of ways, such as utilisation of a Gas Field Ionisation Source40, or a 
pierced cantilever41 with a hole that is smaller than the beam diameter and thus reduces it in 
the plane of the target. Beyond the beam diameter, a fundamental limit on resolution is 
imposed by the radial range and straggle of the implanted atoms. To illustrate the magnitude 
of this effect, we simulated the spatial distribution of Ge implanted into diamond from a 15-
nm film by an ideal 30 keV Xe+ beam (i.e., a beam with a diameter of 0 nm). The simulation 
code and results, detailed in the Supplementary Notes 11 and 12, reveal that the radial range 
and straggle are approximately 6 and 4 nm, respectively—a minor component of the 
measured accuracy of (44 ± 4) nm.     
 The integration of FIB with a coincident high resolution SEM in the same tool enables 
accurate and localised defect engineering at a particular target site (e.g. the high field region 
of a photonic resonator). We note that concurrent imaging using the SEM does not lead to 
any unwanted implantation or alteration of the diamond.  
We now discuss the ultra-shallow implant depth profile. Monte Carlo modelling 
(described in the Supplementary Note 11) indicates that the technique yields dopants within 
the very top layer of the target surface, with a range and straggle (defined in the 
Supplementary Note 10) of approximately 0.2 and 0.6 nm, respectively. In more detail, the 
Ge depth distribution, shown on a log-linear scale in Figure 3b, reveals that over 90% of the 
implanted species are located within a depth of 1 nm, and the tail extends to approximately 
10 nm. This is in good agreement with the measured value of (8 ± 2) nm that is discussed 
below. For comparison, the depth distribution of the co-implanted Xe is also shown in Figure 
3b. The Xe depth profile is much more uniform, and not as concentrated as that of Ge within 
the top few nanometres of the diamond surface. 
Experimentally, we cannot conclusively confirm by direct optical imaging that the 
emitters are ≤5 nm from the interface. Therefore, to verify the depths of the implanted 
emitters, we employed Electron Beam Induced Etching (EBIE) in an environmental SEM with 
H2O vapour as the etch precursor.42 EBIE allows us to locally remove the top material of the 
implanted areas, without damaging the material underneath.43 During EBIE the electron 
beam locally induces a chemical reaction with the environmental species (H2O) forming a 
volatile complex that either desorbs spontaneously or is removed by electron beam induced 
desorption. The rationale for the deployment of this technique is given by the fact that no 
further physical alteration of the implanted species is expected, as the etching process is 
driven chemically at the diamond surface.  
Using EBIE, a wedge-shaped feature was etched along a square implanted area 
(3.1×1012 cm-2), as is shown schematically in Figure 3c. In the following, we correlated the depth 
(AFM scan, shown in Figure 3d) to the local fluorescence intensity (PL map, shown in Figure 
3e). Using three etched spots (white circles) as fiducial markers to correlate both maps, the 
average depth and PL profiles of the wedge were extracted (Fig. 3f). In particular, we observe 
a PL emission maximum from a mean depth of less than ≃1.5 nm in the section—along the x-
axis—between the 11 μm and 13 μm mark. We note that the initial increase observable in the 
PL line profile may be caused by an increase in surface roughness. This hypothesis is 
supported by the observation that the increase in PL correlates with spot-like features clearly 
discernible in the PL map in Figure 3e.  
Consequently, as the mean depth drops below 1.5 nm, the PL intensity decreases 
sharply to less than 50%, in the section along the x-axis, x ≅ 13–14 μm and down to 20% at 
about (5 ± 2) nm at x  ≅ 15 μm. However, a residual PL signal is still present at a depth of (8 ± 
2) nm, which is in good agreement with the tail of the simulated depth profile (Fig 3b). 
Specifically, at a depth of  ≅ 8 nm, the number of Ge atoms drops below 1, which in 
combination with a conversion efficiency on the order of  ≅ 1%22 make it unlikely that colour 
centres are created beyond this depth. We note that the simulations do not account for 
channelling, which is likely insignificant, as indicated by an analysis of the simulated Ge atom 
momentum distribution at the film-diamond interface. Specifically, the momentum analysis 
shown in the Supplementary Note 12 reveals that the strong forward-directionality of the Xe+ 
beam is not retained by the Ge atoms.  
Returning to Figure 3f, the luminescence signal is restored at x ≅ 22 μm, 
corresponding to the end of the etched wedge. As one progresses further along the x-axis, 




Figure 3. Spatial distribution of the dopants. a) Distribution of the ensemble position (GeV) 
relative to the nominal implantation site, fitted by a Rayleigh function with a mode of (44 ± 4) 
nm. The inset shows directly the relative ensemble position. b) Monte Carlo simulations of the 
depth distribution of Ge in diamond from a Xe+ recoil-implantation process and of the co-
implanted Xe. c) Schematic of the wedge edge to access the implantation profile of an area 
with the implanted species. d) AFM map of the wedge prepared by EBIE. e) PL map of the same 
Ge-implanted area. The positions of both maps were correlated by the 3 marked spots. Scale 
bars in (d) and (e) correspond to 2.5 μm. f) Average profile of depth (blue) and PL (red) along 
the wedge feature. The shaded areas represent the standard deviation.  
 
Implantation into restrictive geometries 
 
Next, we demonstrate another key feature of the recoil implantation technique by 
implanting a specific site of a target that has a restrictive geometry. Most common 
implantation methods do not use focused ion beams, but instead achieve site-specificity using 
mask-based lithographic techniques that are often inapplicable to relatively small, high aspect 
ratio, non-planar samples. To showcase how this constraint is overcome in an extreme 
example, we implanted a rare earth element, Europium, into the end face of a commercial 
single-mode optical fibre (Figure 4a). We choose Europium to emphasise three key features. 
1) Europium is heavier than xenon, which together with the Pb data in Figure 1 and 2 shows 
that the technique is applicable to most elements in the periodic table. 2) The implantation 
of Eu at low energies is challenging by conventional methods since it is difficult to form the 
stable negative Eu ions needed by some ion implanters.44 3) The integration of rare earth 
elements with optical fibres is generally sought after for integrated photonics.  
Analogous to the above experiments, a thin film of Europium was deposited on the 
fibre end. The fibre was then mounted in the FIB-SEM dual beam microscope and the fibre 
core was identified using the SEM, as shown in Figure 4b. The inset of figure 4b is an optical 
image of the fibre, with the core lit up in blue by back-flowing light from a flashlight through 
the opposite end of the fibre. The mark “x” is a fiducial marker used to correlate the optical 
and SEM images. To implant the Eu, the core of the fibre was irradiated using a Xe+ fluence of 
4.1×1013 cm-2. This value was determined beforehand by implantation into SiO2 (see 
Supplementary Note 13). Subsequently, the thin film was removed and the implanted area 
was investigated by PL analysis. As shown in Figure 4c, we observed the emission related to 
the 5D0 → 7F2 transition of the Eu3+ ion centred at a wavelength of  ≅ 620 nm. The emission is 
confined to the core of the fibre, as shown by the confocal PL map obtained by exciting the 
Eu3+ from the back of the fibre.  
  
 
Figure 4. Implantation of rare earth ions into a commercial optical fibre. a) Picture of the fibre 
used in this experiment. The end face is highlighted. b) SEM image of the fibre end face during 
the implantation process. The yellow outline marks the boundary of the cladding to the ferrule, 
which was used to identify the core. The inset shows the core (back illuminated) relative to a 
correlation marker. The scale bar corresponds to 20 μm. c) Emission of the implanted Eu3+, 




To conclude, we demonstrated versatile creation of shallow implants in a solid-sate 
host using recoil implantation. This is achieved by utilizing momentum transfer from a Xe+ FIB 
to atoms of a thin target film deposited on top of a target of choice. In our work this is 
demonstrated by implantation from solid thin films deposited on the sample surface 
(diamond in our case). A compelling aspect of the technique is the ability to achieve ultra-
shallow implants. We used the method to create optically-active, atom-like defects in 
diamond and demonstrated their formation within the top 6 nm from the surface. To 
demonstrate the applicability of the technique to non conventional samples, we engineered 
rare earth elements directly in the core of a single mode optical fibre. Beyond the field of 
quantum technologies, the recoil implantation technique is appealing for shallow doping of 
single electron transistors,45 deterministic direct writing of near-surface dopants46, 47 or 
controlled introduction of magnetic elements for magnetism at the nanoscale.48 Finally, one 
of the biggest advantages of this technique is the ability to engineer selected defects in 
atomically-thin materials, which by definition requires ultra-shallow implants.   
 
Methods 
Sample Preparation  
A CVD-grown electronic grade diamond (< 1ppb Nitrogen) was purchased from Element Six. 
Before all subsequent experiments were carried out, the sample was cleaned in hot (150 oC) 
Piranha Acid (H2SO4:H2O2 (30%) 2:1) for at least 2 hours. All thin film depositions were carried 
out in a lab-built magnetron sputter deposition chamber, pumped to a pressure of 1×10-5 Torr 
or lower before deposition. For deposition, argon was introduced with a pressure of 1.5×10-3 
Torr and a plasma was ignited, for which the power was adjusted to yield a deposition rate of 
0.5 Å s-1. For the implantation experiments discussed in Figure 2 and Figure 3 the diamond 
was coated at 4 different corners with the respective thin films, whilst being masked during 
subsequent deposition steps to avoid cross deposition of different materials. For the 
patterning of the UTS logo, thin films were deposited on rectangular sections, lithographically 
defined using EBL as described in Supplementary Note 1. For implantation into an optical fibre 
or SiO2, a 15-nm Eu film was deposited on top in a thermal evaporator using Eu pellets. Sputter 
targets and evaporation material were purchased from Changsha Xinkang Advanced 
Materials Co., Ltd with a purity of 99.99 % or higher.  
 
Focused Ion Beam Irradiation  
All ion beam irradiations were carried out in a Thermo Fisher Scientific Helios G4 PFIB with 
exchangeable plasma ion source. For irradiation, a xenon beam was used with an acceleration 
voltage of 30 kV and current of 10 pA. For irradiation of spot arrays and the UTS logo, custom 
patterning files (stream files) were created, defining the time per spot for individual spots 
(pixels). Box irradiations as discussed in the Supplementary Note 3 were performed, defining 
squares with 4 μm length and increasing the number of passes during the irradiation, using 
the built-in pattern generator.  
 
Post Irradiation treatment 
For experiments on diamond, after irradiation with the Xe+ FIB, the coated thin films were 
chemically stripped. We used subsequently 2 cycles of various solutions with intermittent 
water rinsing in between. First, the sample was held in KOH (30 min., 50 oC, 30 wt. %), then 
HCl (30 min., 75 oC, 37 wt. %), followed by Piranha Acid (30 min, 150 oC H2SO4:H2O2 (30%) 2:1) 
to efficiently eliminate any residue of thin film coating on the substrate surface. After the 
chemical treatments the sample was annealed in a tube furnace (Lindberg Blue Mini-mite) 
under high vacuum with pressure lower than 2×10-6 Torr for the entire annealing cycle. The 
temperature was ramped up to 950 oC and held for 2 hours. Then the furnace was cooled 
down to room temperature before breaking vacuum. After annealing the sample was again 
cleaned in hot (150 oC) Piranha Acid (H2SO4:H2O2 (30%) 2:1) for at least 2 hours and stored in 
a desiccator in between experiments. For experiments on SiO2 and the optical fibre, the Eu 
thin film was removed after implantation in warm HCl 50 oC and subsequently water. No 
annealing step was performed to activate the Eu3+ related emission. 
 
PL measurements 
All PL measurements were performed on lab-built confocal setups. The UTS logo was  
characterised using a 405-nm, 1mW cw laser as the excitation source, which was directed 
through an arrangement of a dichroic mirror, scanning mirror and lens relay system and 
focused on the sample surface by a 0.9 NA air objective. Photoluminescence from the sample 
was collected from the same objective and directed into a multimode fibre guiding the signal 
either to an APD (excelitas) for mapping or to a spectrometer (Princeton Instruments). 
Lifetime measurements were conducted on the same configuration using either a 512 nm (for 
Si, Ge, Sn) or 405 nm (for Pb) pulsed laser diode as the excitation source. The fluorescence 
was correlated to the laser pulse using a correlator (Pico Harp 300, Picoquant). For the 
characterisation of the fibre core, the fibre was mounted in front of the air objective and a 2 
mW, 532-nm cw laser was connected to the unimplanted end of the fibre to excite implanted 
Eu3+ in the core on the other end. At the same time, the collection was scanned in the same 
configuration. The characterisation of spot arrays and second order correlation 
measurements were done on a different setup. A 532-nm laser (cw, 2 mW) was used as the 
excitation source, and focused onto the sample by using an oil immersion objective (1.3 NA). 
Photoluminescence was collected through the same objective and coupled into a single mode 
fibre. The signal was either guided to a Spectrometer (Andor), or a 50/50 fibre splitter with 
the respective outputs connected to an APD. Their signals were then correlated by a time 
correlator (Swabian Instruments).  
 
Electron Beam Induced Etching 
Electron beam induced etching of the diamond was done in a Zeiss EVO, under 15 keV, 2 nA, 
100 mTorr H2O vapour. A rectangular area (16 μm length, 10 μm width) was irradiated (5 μs 
dwell time, 20 nm point pitch) in a raster scan. The length of the rectangle was reduced in 
subsequent steps by 2 μm, whilst the time/ area (Å1 s·μm-1) for each rectangle was held 
constant, thus achieving a linear fluence gradient resulting in the shown etch profile. After 
etching the diamond was again cleaned in hot (150 oC) Piranha Acid (H2SO4:H2O2 (30%) 2:1). 
 
AFM measurement 
Atomic force microscopy (AFM) measurements were done on a Park XE-7 AFM. Post-
processing of AFM data was done in XEI and Gwyddion49 to remove artefacts of the scan and 
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Author Correspondence to the Editor 
 
08/05/2020 
Re: “Knock-on doping: A universal method to direct-write dopants in a solid state host”  
Dear Dr ___, 
Thank you for sending us the referee reports and for giving us the opportunity to revise the work. We 
are very pleased with the overall positive and encouraging comments from the reviewers and the 
overall support for publication in n_xxxxxx.  
We took all their comments on board, revised the manuscript and added three significant changes: 
1. We performed an additional unique knock-on implant into an end facet of the fibre. 
Such an experiment would be tremendously complicated using commercial implants 
(impossible really), but is easy using the proposed technique. The data is in figure 4.  
2. We added a more rigorous calculations on the ion struggle and beam diameter to 
convey the ultra shallow claims. The data is in figure S14.  
3. We performed additional unique implant from a gaseous phase, implanting nitrogen 
(i.e. knock on implant of nitrogen). This was noted as “impossible” by referee #3. The 
data is in figure S3. 
We would also like to reiterate a key message about our work. One of the reviewers 
commented about implanting challenges of lithium while others stated that focused low 
energy implants are not a problem. It is important to put these things in perspective. For 
example, this company http://cuttingedgeions.com/Species_List.html which is the most used 
by researchers in the diamond community, can easily implant lithium, but they cant, for 
instance, implant many other elements (see the list in that link). On the other hand, while we 
acknowledge that selected laboratories can do focused nitrogen implantations, implanting 
group III elements at low energies is extremely challenging, as they don’t form good negative 
ions. This is the case for instance at the ANU facilities 
https://physics.anu.edu.au/eme/capabilities/implantation.php to which referee 3 was 
referring. Our method circumvent these issues to provide a truly universal approach for solid 
state doping, as we now clarified throughout the paper.    
We trust the revised version addresses all the concerns raised by the referee and look forward 
for its acceptance to n_xxxxxx.  
 




Reviewer #1 (Remarks to the Author): 
This interesting article reports about an innovative and undoubtedly appealing experimental approach 
for the single-defect engineering in solid state, with specific implications in quantum technologies. 
Despite the potential drawback represented by the co-implantation of primary ions (see below for 
more details), the reported results are very relevant in consideration of the current state of the art 
and lucidly presented. Therefore the article is considered as publishable, provided that the following 
points are suitably clarified by the authors. 
Authors: We thank the Reviewer for acknowledging our work and the general recommendation for 
publication in N_xxxxxx. The points raised by the Reviewer were indeed helpful and helped improve 
the quality of the manuscript.   
One of the key features that could potentially limit the applicability of this (otherwise very appealing) 
technique is that the dynamics of the energy transfer in the knock-on collisions between the primary 
ions and the target atoms in the deposited films is such that it is impossible to have the secondary 
atoms implanted in the substrate without the concurrent implantation of the primary ions. To some 
extent, this effect can be mitigated by employing (such as in the present work) ion beams from inert 
atomic species. Nonetheless, the authors should not disregard that i) according to several accounts 
(which should be suitably cited), even inert atomic species seem to yield to the formation of stable 
optically-active defects in diamond, and ii) more generally, "collateral" structural damage can be 
detrimental to the spin properties of the defects. Overall, this drawback does not prevent the 
publishability of this interesting report, but it should be more explicitly assessed in the conclusions. 
Authors: We added a discussion and references explaining that inert ion bombardment can generate 
colour centers. We also added experimental data to the Supplementary Information 5 to demonstrate 
that Xe+ ion beam irradiation can indeed generate colour centers in diamond under some conditions.  
 “...We note that co-implanted Xe ions may also form luminescent colour centres in diamond, 
yet, their spectral features appear at 795 nm and 815 nm and do not overlap spectrally with the studied 
centres. Moreover, throughout the fluence range used in Figure 2, the Xe-related emission was not 
observable in PL spectra. Further details are provided in the Supporting Information 6. …”  
We also added a discussion addressing the second point raised by the reviewer - that collateral 
structural damage can affect the spin properties of defects. This can be mitigated by appropriate post-
processing of the target.  
“...For applications relying on the coherence of the spin state of these defects, further post-
processing steps (e.g. high-pressure, high-temperature annealing) may be needed to remove residual 
crystal damage. …”      
 
"However, the technique is inherently problematic. [...]": the following points are substantially 
acceptable, but rather than on cost / technical complexity / availability (a state-of-the-art Xe-FIB is 
arguably no much cheaper, maintenance-friendly or readily available than a conventional ion 
implanter) and ion penetration depth (one can always consider masking techniques or counter-fields 
to slow down the ions) I would suggest focusing more the argument (and thus the relevance of this 
technique) on the third point, i.e. the readiness in access to multi-elemental implantations, both in 
the context of co-irradiations and subsequent serial irradiations. I would suggest elaborating more on 
this point, also because the statement "due to their need for long pumping times and the large spot 
size of the beam" could be more clearly articulated. 
Authors: We revised the introduction and removed the points raised by the Reviewer or clarified them. 
In detail, we now emphasize the readiness of the technique in the context of co-irradiations and serial 
irradiations. Moreover, we added new experimental data to further highlight the readiness, 
universality and versatility of the technique. Specifically, we showed that dopants from vapor-phase 
precursors can be delivered to the target and implanted by the Xe+ ion beam. We demonstrated this 
using a capillary-style gas injector, and used this approach to fabricate nitrogen-vacancy (NV) colour 
centres by Xe+ ion beam irradiation of diamond in the presence of gas-phase N2. These new results 
show that our technique is applicable not only to solid-state precursors supplied in the form of a thin 
film, but also to gases, as well as liquids and solids whose vapors can be delivered to the target using 
gas injection methods that are available on most commercially-available FIB instruments (as is now 
explained in the revised manuscript and supporting references). The technique is thus readily 
applicable to essentially all isotopically-stable elements. 
We also note that the vapour-phase approach yields an additional benefit for direct-write, localized 
doping, because film deposition/removal steps are not necessary. 
We de-emphasized and clarified our claims about cost-benefit. Our method features the combination 
of high lateral resolution (without the need for mask-based lithography), shallow implantation depth 
and extremely high dopant species flexibility. The cost of an equivalent setup based on conventional 
implanters and mask-based lithographic tools is greater than that of a FIB-SEM dualbeam tool (and a 
sputter coater). The cost of a single implanter is therefore an underestimate in this comparison. 
In their presentation of the PL results, the authors avoid making comparative statements about the PL 
*intensities* measured from regions implanted in the same experimental conditions across thin films 
with different compositions. This is a wise approach, because quantitative estimations of PL intensities 
across different measurement runs are always prone to different instrumental artifacts (different 
focusing conditions, spectral efficiencies of the spectrometer, laser excitation powers, etc.). 
Nonetheless, it would be interesting (if at all possible) to provide (either in the main text or in the 
supplementary information) some *cautious* evaluations of the creation yields of different types of 
defects, possibly using spectral features such as the first-order Raman line of diamond as a 
normalization factor. 
Authors: As requested, we added a suitably (ie, cautiously) phrased section on rough estimates to the 
supplementary information of the revised manuscript (See Supplementary Information 3). We note, 
however, that the most important qualitative result we have on PL intensities is that we can control 
the creation of most emitter species down to single defect level (as proven by second order 
autocorrelation measurements. g(2)(0) < 0.5).   
"specified in Figure 2a as the number of Xe+ ions per spot exposure": it would be much more 
informative (and appropriate) to report the indicated fluence values as numbers of ions per unit 
surface area, i.e. by taking into account the estimated diameter of the irradiated spot. Otherwise, a 
sentence like "The threshold for observable emission [...] is on the order of 600, 1500, 3000, and 3000 
xenon ions" is rather meaningless and cannot be generalized. 
Authors: We included the fluence estimates in the revised text, and clarified the “threshold” discussion 
as is it explained below. 
"A minimum number of primary Xe+ ions is required to fabricate color centres": The authors should 
make an effort to explain (at least tentatively) this peculiar threshold-like behavior. 
Authors: We thank the Reviewer for pointing this out — our wording was incorrect. There is no 
threshold, but rather the process is stochastic and hence an average number of ions is needed to 
generate a single color centre. We re-phrased the text accordingly.  
 The observation of  the emission above a particular Xe+ fluence is related to the stochastic 
nature of the activation process, further discussed in the Supplementary Information 3. 
 
"Lateral precision was determined using PL maps of spot-arrays of low dose GeV ensembles. [...]": as 
correctly explained by the authors, the reported procedure results in a (44 ± 4) nm of the *accuracy* 
in the positioning of the bright spot with respect to its nominal planned location, which does not 
correspond to the *size* of the spot itself. In this sense, it is not clear why it should be comparable 
with the 30 nm ion beam diameter. The FIB spot size should be more appropriately related with the 
size of the bright spot, which is of course hard to measure (but very interesting to know!) unless super-
resolution methods are used. Furtremore, the spot size is relevant (as much as its positiong accuracy) 
for integration in 2D photonic crystal cavities. The author should provide clarifications on these points. 
Authors: We agree that both the positional accuracy and the beam spot size are important. We 
therefore clarified and expanded this discussion. We included an experimental analysis of the ion 
beam size. We also discuss the role of straggle in the precision with which a dopant is implanted in the 
target. We simulated the radial range and straggle for the case of Ge doping of diamond by an ideal 
(zero diameter) 30 keV Xe+ beam and show that the resulting contribution (for this particular case) is 
~6 nm, and places a fundamental limit on accuracy, precision and resolution under these irradiation 
conditions. Hence, the ion beam size in our PFIB instrument is the dominant factor in determining 
resolution. However, it is currently a mere technological limit due to aberrations rather than a 
fundamental one, and it is expected to improve with time. 
We note that the size of the bright spots in PL maps is a measure of the confocal PL system resolution, 
rather than that of the implantation technique.       
"We assume that ion channeling is the main factor responsible for the increased luminescence at this 
depth.": this tentative explanation is questionable, because it is hard to believe that a non-negligible 
fraction of the knocked-on atoms can preserve the very well defined directionality which is necessary 
for channeling to occur in the diamond crystal. This however is only a qualitative argument, that needs 
to be more carefully assessed by trying to quantitatively estimate how "residual" is the "residual PL 
signal [...] still present at a depth of (8 ± 2) nm", i.e. what is the fraction of channeling ions in the 
authors' estimations, and whether such fraction is realistically comparing with the modelling of the 
channeling process. 
Authors: We agree. To address this point and other comments made by the Referees, we substantially 
expanded the modeling component of this work. Depth profiles simulated using a greater number of 
ions and vastly improved statistics show that the tail of the simulated depth distribution shown in the 
revised Figure 3b is, in fact, consistent with the value of (8 ± 2) nm measured in our experiments. 
Channelling is therefore not needed to explain the experimental data. 
We also performed an analysis of the Ge momentum distribution at the film/diamond interface. It 
revealed that Ge does indeed lack the strong forward-directionality of the incident Xe, suggesting that 
channeling of Ge is only of minor significance. 
"in accord with previously reported values—1.5 ns, 4.7 ns, 3.9 ns, 3.5 ns": the authors should provide 
the uncertainties associated to these estimated values. 
Authors: We added the uncertainties to these values.  
The bibliographic references suitably address the current state of the art in the field, and only some 
minor remarks are necessary. 
References [13] and [16] could be suitably integrated with the first report on Sn-related color centers 
in diamond, i.e. [S. Ditalia Tchernij et al., ACS Photonics 4 (10), 2580-2586 (2017)]. 
Authors: We added the relevant reference.  
The sentence "color centres in diamond, particularly the group IV-related [...] are currently front 
runners [...]" could be usefully integrated with a citation to the (elsewhere mentioned) ref. [10]. 
Authors:  We added the relevant citation at this point in the text. 
"We did not observe anti-bunching from the fabricated SiV color centres, most likely due to their very 
low quantum efficiency.": this observation should be complemented with a suitable bibliographic 
citation, specifically pointing at SiV color centers created by ion irradiation. 
Authors:  We added a reference to this statement. 
 "This value is better than the required threshold for engineering of quantum emitters within photonic 
devices, e.g. in the high field of a 2D photonic crystal cavity": this sentence would benefit from a 
suitable bibliographic reference 
Authors: We added a reference to this statement.  
From a formal point of view, the article is clearly presented, with the exception of very few points: 
 "one of the most fundamental principles of physics -": this expression sounds a bit bombastic and 
could be avoided without affecting the main message of the manuscript; 
Authors: We rephrased the text in the abstract with “...by exploiting momentum transfer from 
accelerated ions …”.  
- red and purple points in Fig. 1: the color distinction in the figure is not very clear, as only purple 
points seem to be represented in the schematics; 
Authors: We increased the color contrast to improve visibility.  
- the portion of the periodic table reported in fig. 1b seems largely unnecessary to the stated scope of 
(cit.) "highlighting the versatility of this technique"; 
Authors: We agree and have removed the periodic table. 
- I would recommend replacing the term "dose" with the more technically appropriate term "fluence"; 
Authors: We replaced the term in the revised version of the manuscript.  
- "color centres": "color" is US English, while "centre" is UK English. 
Authors: We changed all text to UK English. 
 
Reviewer #2 (Remarks to the Author): 
Review of: “Knock-on doping”: A universal method to direct-write dopants in a solid state By Froch et 
al. March 2020 
This paper presents a series of interesting results using the well-know technique of ion beam mixing. 
See for example the review by B.R. Appleton, Ion Implantation and Beam Processing, 1984 or indeed 
reference 30 in the present paper. The authors present some new applications for the method that 
would not have been contemplated in the 1980’s. While it is worth bringing the technique to a new 
generation of researchers and employing new technologies to produce the ions, the authors do not 
make a compelling case for “significance” as required in the terms of reference of the journal. 
Authors: We clarified and expanded our case for significance. In particular: 
1. Our method features high lateral resolution (without the need for mask-based lithography), 
shallow implantation depth and extremely high dopant species flexibility. Whilst existing 
instruments can achieve certain aspects of our method individually, none features this 
combination of capabilities at once, which is the key to our claims of novelty and significance. 
2. To strengthen our claims of “dopant species flexibility/versatility”, we added new 
experimental data to the manuscript demonstrating that dopants from vapor-phase 
precursors can be delivered to the target and implanted by the Xe+ ion beam. We used this 
approach to fabricate nitrogen-vacancy (NV) color centres by Xe+ ion beam irradiation of 
diamond in the presence of gas-phase N2. These results show that our technique is applicable 
not only to solid-state precursors supplied in the form of a thin film, but also to gases, as well 
as liquids and solids whose vapors can be delivered to the target using gas injection methods 
that are available on most commercially-available FIB instruments (as is explained in the 
revised manuscript and supporting references). The technique is thus readily applicable to 
direct-write implantation of, essentially, all isotopically-stable elements.  
3. The new experiment we conducted with nitrogen (see 2), which we included in the revised 
manuscript, also shows that the thin film deposition step is not essential in our technique. We 
achieved direct-write doping with high spatial resolution whilst eliminating the need for all 
pre- and post-processing steps associated with conventional lithographic methods. This 
capability does not exist in the ion beam mixing literature.  
4. Perhaps most importantly, our claims of a significant advance in the evolution of this 
technology are evidenced by the applications that we present in the manuscript. In contrast, 
the majority of the ion beam mixing literature is focused on the physics of ion-solid 
interactions. However, despite the long history of this field, no “killer applications” have been 
identified, and demonstrations of applicability are limited to effects such as changes in 
electrical doping of semiconductors. Conversely, in the revised manuscript, we demonstrate 
two applications of direct relevance to timely, high-impact research fields. 1) The fabrication 
of single photon emitters with control down to the single defect level, and 2) We added a 
second demonstration to the revised manuscript showing the fabrication of colour centres 
directly in the head of a single mode optical fibre. We selected the fibre because it is, 
objectively, a very difficult sample to process using conventional lithographic methods. Our 
choice showcases the applicability of our spatially-resolved implantation method to 
geometrically complex, 3D, non-planar targets. 
To summarise, our technique represents a significant advance because it integrates all in one platform, 
a combination of features that typically require multiple instruments/methods. This can potentially 
give access to advanced applications which are unprecedented in the ion beam mixing field and are 
extremely difficult to achieve using any other implantation technique.         
Title: Strictly speaking this is not a universal method. It is restricted to elements that can be deposited 
as a thin film. This covers much of the periodic table but will be problematic for some elements such 
as Li which is a dopant in diamond. Use of compound films will not address this problem because of 
co-doping from the other elements in the compound which cannot be avoided. It would be more 
appropriate to use the term “versatile” instead of universal. 
Authors: We replaced “universal” with “versatile” as suggested by the Referee. We note, however, 
that the above-mentioned nitrogen implantation experiment demonstrates that our technique is, in 
principle, compatible with all elements that are isotopically stable. Species such as Li are challenging 
because they are susceptible to oxidation, but are not fundamentally incompatible with the method. 
For example, a Li micro-rod can be cleaned (by sputtering the oxide with a Xe+ beam) and deposited 
onto the sample (also via sputtering by Xe+ in a geometry in which the sputtered Li re-deposits on the 
target moved into place after the cleaning step), all in-situ, in high vacuum. Such a procedure would 
be in essence a form of Ion Beam Assisted Deposition, where instead of a small micro-rod a larger 
target is irradiated with a broad ion beam.[Martin, Philip J., et al. "Ion-beam-assisted deposition of 
thin films." Applied Optics 22.1 (1983): 178-184.]  
Abstract line 25: The statement about the introduction of dopants through direct ion implantation 
remains a fundamental challenge is not correct. It is the method of choice for most of the IT 
semiconductor industry and is the essential for tailoring materials for numerous research applications. 
Hence the word “challenge” is not appropriate given the method is both well understood and widely 
applied. The authors should reword this statement to make it clear what they mean. 
Authors: We removed the statement about the introduction of dopants being a fundamental 
challenge and rephrased the abstract to better articulate the significance and novelty of our 
technique. 
Abstract line 27: The author’s method is in fact a form of ion implantation, with the implanted ions 
accelerated by forward recoil collisions (‘momentum transfer” in the authors’ words) with other ions. 
The authors should make a case for the advantages of their method over simply implanting the ions 
employing a low energy ion implanter instead. 
Authors:  We clarified the text to better explain the benefits of our technique, as we detailed above. 
We also included the above-mentioned results on implantation of vapour-phase dopants in the 
manuscript. Briefly, the key advantage of our method is that it enables direct-write, site-specific 
implantation of dopants from any solid film or surface-adsorbed gas molecule with high positional 
accuracy and resolution. This is particularly advantageous when the sample is a device that is 
objectively not easy to handle, such as the facet of an optical fibre (shown in the revised Fig 4a). 
Performing conventional lithography on it is challenging, but performing site-specific implantation 
using our technique is straightforward, as we demonstrate in the revised manuscript.  
This application, whilst possible in principle, is extremely challenging using mask-based lithographic 
methods due to the need to perform lithography on a fibre head (i.e. a geometrically complex, small, 
high aspect ratio, non-planar substrate). Yet, it is easily achievable using our method due to the ability 
to image the target by an electron beam that is coincident with the ion beam.  
For completeness, we also note that direct implantation of ions by highly focused ion beams (i.e. those 
focused to diameters of tens of nanometers) without the use of lithographic masks is problematic for 
a number of reasons. At present, there is no single focused ion beam implanter/technology that can 
accomodate a broad range of solid, liquid and gas sources that can be switched rapidly. Consequently, 
versatility is compromised and the spatial resolution of focused ion beams depends strongly on the 
ion species (particularly at low energies, due to the limitations of the ion focusing optics). Conversely, 
in our approach, a well-focused inert ion beam is used and the dopant species can be switched rapidly 
and easily. 
Hence, our technique is highly advantageous over “simply implanting the ions employing a low energy 
ion implanter” — both the focused beam variety, as well as a broad beam combined with conventional 
lithographic techniques. 
Abstract line 31: Justification for the claim of sub-50 nm lateral precision should be provided given the 
limitations of straggling of both the incident ions and the forward recoils would be substantial, even 
at these low energies. Also of interest is the depth precision where the low energy ions will get 
captured into the crystal channels and likely end up deep below the surface as a result. 
Authors: We expanded the modeling component of this work and addressed these points explicitly. In 
the case of Ge implantation into diamond by a 30 keV Xe+ beam, lateral straggle degrades resolution 
by ~6 nm (Supplementary Information 11). The lateral precision achieved by existing plasma FIB 
instruments is therefore limited by the ion beam diameter, as determined by the virtual source size 
and the focusing optics. We added an experimental analysis of the ion beam diameter to the revised 
manuscript (Supplementary Information 11).  
Regarding depth-precision, we re-calculated the simulated Ge depth distributionusing a far greater 
number of ions to improve statistics. This improved simulation (performed in the absence of 
channelling) yields the depth profile shown in Figure 3b, which is in good agreement with our 
measured value of (8 ± 2) nm, and indicates that channelling effects are negligible. To confirm this, we 
analysed the momentum distribution of Ge during implantation, and showed that Ge does not possess 
the strong forward-directionality of the incident Xe species (see Supplementary Information 13). 
 
Abstract line 32: The term “powerful” is not appropriate in this context for the same reasons as I object 
to “universal”. Once again, I believe the authors mean “versatile” instead. 
Authors: We rephrased the text and adopted the suggestion from the Reviewer: “versatile”  
Page 2 line 51: The comment about ion implanters being expensive, etc, is a rash generalisation. Some 
laboratories employ simple desk-top machines which are adequate for low energy implants of colour 
centres in diamond and these systems are definitely not “expensive” or “not readily available”. This 
statement should be deleted. 
Authors: We rephrased the text to better explain the cost-benefit of our method. It features the 
combination of high precision site specificity (without the need for mask-based lithography), shallow 
implantation depth and extremely high dopant species flexibility. The cost of an equivalent laboratory 
based on conventional implanters and lithographic tools is far greater than that of a FIB-SEM 
dualbeam tool (and a sputter coater). A desktop implanter does not feature the totality of these 
capabilities, and is therefore not a useful reference for a cost comparison.    
Page 2 line 56: Again, the statement about 10 nm implant depth being challenging is misleading given 
the large number of applications for such implants in the literature. It should be deleted or clarified. 
Authors: We modified the text to clarify the context. Whilst existing instruments can achieve certain 
aspects of our method in isolation, none feature the combination of direct-write (mask free) lateral 
resolution, shallow implantation depth and species versatility/universality. The combination of these 
is key to our claims of novelty and significance, and the reason why we claim that our approach has 
broad appeal and applicability.  
Page 2 line 58: The statement about “dose series” is unclear. Most implanters can implant a number 
of different ion species in the same sample without breaking vacuum. This is certainly not “practically 
impossible” as claimed here but is instead routine. This statement should be deleted or reworded to 
clarify the intent. 
Authors: We disagree with the Reviewer on this point. A single capability (such as the implantation of 
multiple ion species without breaking vacuum) is not a suitable point of reference for this comparison. 
The ability to implant patterns of different doses and essentially any species and with sub-micron 
resolution without breaking vacuum is unique to our technique — even if the patterns are as simple 
as series of adjacent rectangles fabricated vs fluences. Conventional lithographic methods require 
multiple masking steps to achieve this, and no single focused ion beam technique features the species 
versatility of our method. We clarified the manuscript to ensure it is clear that this is the intended 
meaning of the text.     
Page 2 line 61: The statement “cost-effective” is qualitative and should be deleted because it is 
presented without justification. Reference 30 is to a paper on ion beam mixing from the 1985 by one 
the then leading groups in the field. The authors must justify what is new about their method and how 
it is a major advance from the previous work in the field. 
Authors: We revised the text, as explained in the responses above addressing our claims of cost-
benefit, as well as novelty and significance of our work. 
Caption for Figure 1: The use of an electron beam to image implant sites for colour centres in diamond 
will likely introduce vacancies that can influence the formation rate and type of colour centres formed 
as a result. The electron irradiation is also likely to change the charge state of N-V colour centres from 
the neutral to the negatively charged state leading to complexities in reproducing results. 
Authors: The initial submission was not concerned with NV centres. Nonetheless, we disagree in 
general with this criticisms for the following reasons:  
● The threshold for vacancy formation by electrons in diamond via knock-on is >80 keV, which 
is much higher than that employed in SEM (here, we used 2 keV). [Koike, J., Applied physics 
letters 60.12 (1992): 1450-1452.]  
● Electron damage generation rates through other mechanisms are negligible compared to that 
of ion bombardment/implantation.  
● The colour centres are not formed during the initial implantation process but in the 
subsequent annealing step which induces vacancy diffusion and centre formation. 
Consequently, the electron imaging step has no effect on defect charge states (which can, in 
fact, be manipulated using a range of reversible surface processing and biasing methods). 
Page 6 line 182: Suggest changing “GeV” to Ge-V” to reduce ambiguity with more common uses of 
“GeV”. 
Authors: The meaning of GeV, i.e. germanium-vacancy centre, is defined in the text. It is—a perhaps 
unfortunate—initialism, but one that has been deliberately chosen and employed extensively 
throughout the entirety of the relevant literature. On this basis we prefer to adopt it here for 
consistency.  
Page 7 lines 186-189: These details are elementary and should be discarded, or prefaced with a 
statement about the problem being solved with the method. 
Authors: We agree with the Reviewer and moved this text to the Supplementary Information 10. 
Page 7 line 191: A resolution of 44 nm is deduced from the distribution of colour centres. This figure 
should be compared to a convolution of both the beam spot size and the likely straggling from the 
forward recoils. 
Authors: In the revised manuscript, we analyzed the role of radial range and straggle explicitly and 
showed that it is insignificant under the typical conditions used in our work (i.e., ~6 nm in the case of 
Ge implantation into diamond by a delta-function (zero diameter) 30 keV Xe+ beam). The beam spot 
size of current-generation plasma FIB instruments is limited technologically and expected to improve 
in the future (see also the following response). We clarified this in the text.  
Page 7 line 196: It is not true that plasma ion sources have an inherently larger beam pot with several 
manufacturers offering high resolution probes. The beam spot size also depends on the beam current 
so this factor also needs to be considered when making comparisons between different systems. 
Authors: We agree that beam current affects aberrations associated with ion beam focusing. However, 
the beam spot size is ultimately limited by the virtual size of the source, which is relatively large in the 
case of the plasma ion source employed in our experiments. Other technologies such as a Gas Field 
Ionization source (GFIS) feature a smaller virtual source size and hence a smaller beam spot size. We 
revised the text to clarify this point as following.  
“... It should be noted that, in the case of the plasma FIB used here, the beam diameter is 
limited by the virtual source size and the ion beam focusing optics. It can be improved in a number of 
ways, such as utilisation of a Gas Field Ionisation Source…” 
Page 7 line202: The term “cavity hotspot” is not defined. 
Authors: We rephrased this part to “...the high field region of a photonic resonator…” 
Page 7 line 204-5: As the comment above, SEM irradiation can change the nature of colour centres so 
this statement should be deleted. 
Authors: We disagree with this criticism as it pertains to colour centres in diamond, as explained 
above. 
Page 7 line 208: The term “peculiar” is not appropriate in this context because the method of ion beam 
mixing is already well understood and widely studied in the 1980s as pointed out above. 
Authors: We removed the term “peculiar” from the text.  
Page 7 line 210: Colour centres in diamond created within 1 nm of the surface are likely very sensitive 
to the nature of the surface termination. It is not possible to assess the authors’ claims here without 
knowing this essential information. 
Authors: We clarified the text. See also the below response relating to “page 8, line 229”.  
Page 7: In the discussion of the technique the effect of forward recoils being captured into crystal 
channels and ending up deep in the crystal is ignored. Yet this is likely to be an important feature of 
their method, especially for light ions. Likewise the residual lattice damage from both the primary and 
forward recoils should also be accounted for in a discussion of the results. 
Authors: We clarified the discussion of Ge channelling and ion-induced damage. We added a 
theoretical analysis of the momentum distribution of the Ge dopants, which shows that they do not 
possess the strong directionality of the incident Xe ions (Supplementary Information 13). This suggests 
that Ge channelling is insignificant, consistent with our range simulations and measurement of the Ge 
depth-distribution. We have expanded the discussion on the damage and emphasise that further 
treatment may be required. 
Page 8 line 229: This statement is not clear. Also the proximity of the surface and also surface charge 
traps is likely to have a significant effect on the luminescence efficiency. 
Authors: We rephrased this sentence to improve clarity. We note that this result/claim is not 
controversial as color centers have been observed in nanodiamonds with a diameter of ~1.6 nm (ie: a 
maximum depth of 0.8 nm below the surface) [Vlasov, Igor I., et al. "Molecular-sized fluorescent 
nanodiamonds." N_xxxxxx 9.1 (2014): 54-58.] 
 
Page 8 line 236: There is a missing symbol after “x”. Similarly, further occurrences below. 
Authors: We thank the Reviewer for noting this and corrected the text accordingly.  
Page 8 line 239: Here there is speculation about the role of ion channeling, but it is not clear if such 
dopants can be activated. 
Authors: We revised the discussion of channelling, as is detailed above.  
Page 8 Figure 3 caption: The nature of the dopants responsible for the results shown in this figure 
should be repeated in the figure caption itself. It is not clear from the text if Ge doping applies to all 
sub-figures. 
Authors: We clarified this in the revised manuscript. 
Page 9 lines 262-3: The description of the results as a “major breakthrough” is unjustified hype and 
detracts from the paper. It should be justified or deleted. 
Authors: We removed this statement from the text. 
 
Page 9 line 268: It is not clear how the method has advantages over just implanting the elements 
directly instead of employing the forward recoils. In some limited circumstances there may be 
operational efficiencies if the appropriate apparatus is readily available, but this will not always be the 
case. 
Authors: We clarified the benefits of our approach, as it is detailed in our responses above. We also 
added new results showing knock-on implantation of gas-phase dopants in order to support our claim 
of species-versatility, and a demonstration of colour centre implantation directly into the head of a 
fibre to demonstrate the immediate applicability of the technique to challenging systems/devices.  
Page 10 line 292: The statement about the irradiations performed with a day or less should be 
expanded to explain why this is an issue and what problems they are overcoming. 
Authors: This statement was intended merely to explain the procedure. We have removed it from the 
revised manuscript.  
In conclusion, the authors report a series of experiments to use forward recoil ions to inject near 
surface colour centres into diamond. The paper needs to justify the significance of the result to a 
greater extent to meet the publication criteria for N_xxxxxx. 
Authors: Please see the above response to the first comment made by Reviewer 2.  
Reviewer #3 (Remarks to the Author): 
The manuscript by J.E. Fröch et al. entitled ““Knock-on doping”: A universal method to direct write 
dopants in a solid state host” is indeed a very interesting study, which might be worth publishing in 
N_xxxxxx; however, it is written in a lurid manner containing many false statements motivating their 
own work. It might be that one has to write manuscripts in this way to overcome the editorial check, 
but this behavior discredits science. Thus, such a manuscript is not acceptable in any journal. 
Authors: We thank the Reviewer for the remark that our  work is very interesting and might be worth 
publishing in N_xxxxxx. We revised the manuscript and added additional experimental and modelling 
results in order to address all the concerns raised. 
In detail, comments and questions in the order of appearance: 
(1) Title. The authors introduce the term “Knock-on doping” in order to give the technique a new 
flavor. However, the authors themselves know [see references 29,30] that this technique is very old 
and has been already used for decades. Therefore, in order not to confuse the science community, 
the authors need to use the correct terminology “Recoil implantation” not only in the title, but 
throughout the whole manuscript. One might here also cite more relevant literature, such as [Surface 
Science 57 (1976) 143; J. Applied Phys 50 (1979) 7261; NIM B 7-8 (1985) 645, etc. ] 
Authors: We agree that “recoil implantation” as well as the term “ion beam mixing” (flagged by 
Referee 2) are used in the literature. We named both explicitly in the revised introduction. We do, 
however, believe that the use of “knock-on” is justified specifically to give a new flavour to our 
approach, given the distinguishing features that we explain below and in our detailed first reply to 
Referee 2 above. Given the editorial nature of this request, we are however happy to let the editor 
rule on this point. 
(2) Line 51 – A new ion implanter costs about 1-1,5 M€ (ask for a quotation from High Voltage Eng.). 
The here used Xe-FIB is much more expensive (typically > 2 M€) and even harder to maintain. 
Therefore, to motivate the study being “cost-effective” in comparison with conventional ion 
implantation is absolutely false!  
Authors: We deemphasized and clarified our claimed cost benefit. We believe that it is correct given 
the species-versatility of our method and the ability to direct-write dopants with high spatial 
resolution. Whilst existing implanters can achieve certain aspects of our method in isolation, none 
feature the same combination of direct-write (mask-free) lateral resolution, shallow implantation 
depth and species versatility — which we now demonstrated further in the revised manuscript by 
showing knock-on doping of N from a gas-phase N2 into diamond to form nitrogen-vacancy (NV) colour 
centres (further details are provided below).  
It is the totality of the benefits of our method that is key to our discussions of cost, novelty and 
significance. The cost of an equivalent lab that allows direct-write implantation with site-specificity 
that is precise to tens of nanometers using essentially any dopant species is far greater than that of a 
single FIB-SEM dualbeam tool (and a sputter coater). The cost of a single conventional implanter is not 
a suitable point of reference. We revised the manuscript to clarify the cost benefit of our technique.  
The authors should have also in mind that about 20 ion implantation steps are necessary to produce 
any processor chip at Intel or AMD using conventional ion implanters, on the other hand, computers 
/ mobile phones etc. are today very cheap. 
Authors: The extremely low cost of consumer electronics is not relevant because it is dictated by the 
economics of mass-production (eg: over a billion smartphones are manufactured annually) rather than 
that of the equipment used to manufacture them. We also note that the ion implanters (as well as 
FIBs and other large pieces of equipment) used in Intel/AMD fabrication plants are in fact often very 
inflexible — they are designed to perform tasks that are very complex and impressive with extreme 
reliability and reproducibility, but this is often achieved at the cost of low flexibility, and any deviation 
from highly specific tasks is often challenging. For example, some high-end FIBs made specifically for 
fab plants by Applied Materials require a service engineer call-out to change the ion beam energy — 
a task that is performed routinely by students with a single mouse click using FIBs designed for 
research (rather than manufacturing), such as the one used in our work.  
(3) Line 53 – Why are conventional implanters not ready for end-users? Operating an implanter is as 
easy / complicated as operating an SEM/FIB. Check out for facilities, which run both techniques. 
Authors: We removed this claim and clarified that we were referring to the combination of features 
offered by our technique: direct-write mask-free implantation with high spatial resolution, and species 
versatility/universality. The latter is highlighted further by new experimental data that we added to 
the manuscript to underscore the readiness, universality and versatility of the technique. In a set of 
new experiments (added in the manuscript), we show that dopants from vapor-phase precursors such 
as N2 gas can indeed be implanted by the Xe+ ion beam (see our response below to the referee's 
comment on N2 compatibility). These new results show that our technique is applicable not only to 
solid-state precursors supplied in the form of a thin film, but also to gases, as well as liquids and solids 
whose vapors can be delivered to the target using gas injection methods that are available on most 
commercially-available FIB instruments (as it is explained in the revised manuscript and supporting 
references). The technique is therefore compatible with all isotopically-stable elements in the periodic 
table.   
(4) Line 54 - Ion implantation can be even done with ion energies down to 20 eV (!) using conventional 
implanters. It has been demonstrated that even one monolayer graphene can be doped [Nano Letters 
13 (2013) 4902]. Therefore, the statement of the authors is false that “ion implantation is generally 
applicable only for relatively deep implants”. Today, shallow implantations at Intel and AMD into Si 
are typically done with 1-2 keV ions resulting into doping profiles less than 10 nm (check with TRIM). 
Authors: We revised the text to clarify that we are referring to the combination of capabilities featured 
by our technique: shallow direct-write implantation with high spatial resolution and species 
universality. Conventional low energy implanters do not feature high spatial resolution — instead, 
they require the use of masking/lithography to achieve site specificity with a precision down to few 
tens of nanometers. We did, however, add the above reference to the revised introduction.  
We also note that it is the combination of multiple capabilities that allows our technique to achieve 
high-impact applications, as substantiated by the 2 examples in the revised manuscript: 
1. Site-specific direct-write recoil-doping of a range of colour centres with control down to the 
single emitter level.  
2. An additional experiment we added to the manuscript demonstrating site-selective colour 
centre implantation into the head of an optical fibre. We chose an optical fibre as it is, 
objectively, a very difficult sample to process using conventional lithographic methods. We 
illustrate the applicability of our spatially-resolved implantation method to geometrically 
complex, 3D, non-planar targets.     
(5) Line 57 – Co-implantation of elements and ion fluences series (not “dose” series!) can be also done 
easily by conventional implanters (google scholar term “co-implantation” gives >8.000 hits, “ion 
fluence range” gives >251.000 hits). 
Authors: We revised the text to clarify the intended meaning. The ability to implant patterns of 
different fluences and essentially any species and with sub-micron resolution without breaking 
vacuum is unique to our technique — even if the patterns are as simple as adjacent rectangles 
fabricated vs fluences. Conventional lithographic methods require multiple masking steps to achieve 
this, and no single focused ion beam technique features the versatility of our method in terms of 
species selection.  
Addendum to (1-5): I recommend that the authors visit/talk to their colleagues at ANU in Canberra, 
where conventional ion implantation is performed since decades, and get more correct knowledge 
and up-to-date information on ion implantation, before comparing it to recoil implantation by FIB. 
Furthermore, the authors should be aware that their technique does not allow for isotopic pure recoil 
implantations neither for gaseous species, such as nitrogen. 
Authors: We added an extra result to the manuscript to demonstrate both the versatility of performing 
recoil implantation using a FIB-SEM dualbeam, and that it is in fact compatible with gas species such 
as nitrogen. Specifically, we showed that dopants from vapor-phase precursors can be delivered to 
the target (at room temperature) and implanted by the Xe+ ion beam. We demonstrated this by 
utilizing a capillary-style gas injector; we used this approach to fabricate nitrogen-vacancy (NV) color 
centres by Xe+ ion beam irradiation of diamond in the presence of gas-phase N2. We remark again (see 
point 3), that these new results show the applicability of our technique not only to solid-state 
precursors in the form of a thin film, but also to gases, as well as liquids and solids whose vapors can 
be delivered to the target using gas injection. We added a detailed explanation in the revised 
manuscript and supporting references. We also note that the vapour-phase approach yields an 
additional benefit for direct-write, localized doping: film deposition and removal steps are not 
necessary. 
We disagree that the technique is not isotope-compatible. Any element that is isotopically stable can 
be either deposited as a solid film, or delivered to a target using the vapour-phase variant of our 
technique (most major suppliers of research-grade chemicals and gases offer isotopically-pure 
species). We also note that any element that is not isotopically stable is not relevant to our claims 
since it would decay in the target after incorporation by any technique.    
(6) Line 86 – What was the ion fluence for writing the logo? 
Authors: We added the fluence (2.5×1013 cm-2) for the creation of the logo to the text. 
(7) Figure 2 - (a) The authors use here the term “dose” while knowing that the correct term is “ion 
fluence”, as used in the SI. Furthermore, the numbers in the image do not have a unit! I guess that 
these are amounts of Xe ions, as described in the text. However, this quantity does not help any 
scientist to reproduce the experiments, as the area needs to be known. Figure 2 (b) & Line 138 - Which 
ion fluences were used for these spectra? 
Authors: We agree. We have added the fluence values to the relevant text and to Figure 2a.  
(8) Line 130 – Why is the minimum numbers to create color centers so high? In principle, one single 
Xe ion should be enough to create one color center! Likely, the PL system is not sensitive enough. 
Authors: We have rephrased the text and added further discussion about the creation yield 
(Supplementary Information 3) to clarify this point. In brief, the yield, i.e. the number of optically-
active color centers created per ion implanted is less than unity. In fact,  it can be as low as 0.01, like 
in the case of Si. Note that this is not a limitation of our technique but instead a consequence of the 
fact that the fluorescent defect complexes are formed stochastically during a post-implantation 
anneal.  
The sensitivity of the photoluminescence (PL) confocal system is not an issue: in fact, we can detect 
individual, single-photon emitters (as shown by the second order autocorrelation functions, g(2)(0) < 
0.5, indicative of sub-Poissonian photo-emission statistics).  
(9) Line 191 – The precision of 44 nm is nice, but the authors should compare this with existing 
technologies, such as implantation through a hole in an AFM tip, which yield into a precision of < 16 
nm. [Small 6 (2010) 2177] 
Authors: We revised our discussion of precision and resolution. Briefly, the most relevant parameter 
in our work is the positional accuracy with which a dopant can be implanted, which is underpinned by 
the ion beam spot size (we added an experimental analysis to the supporting information) and straggle 
(which plays a minor role; see below). We cited the paper suggested by the Referee. We note, 
however, that this paper does not report an implantation precision of 16 nm, but rather the ability to 
resolve emitters that were created—stochastically—within 16 nm of each other in a single 
implantation spot (i.e. the 16 nm relates to the spatial resolution of STED, the employed super-
resolution fluorescence imaging technique).  
(10) SI – section 2 – The authors use TRIM to calculate the recoil ion ranges. This is OK for the situation 
of low ion fluences, but not OK for high fluences, such as > 5x1014 cm-2. Here, the authors should use 
TRIDYN to account for dynamic changes while accumulating implantation, sputtering, ion beam 
mixing, etc. Furthermore, the statistics of the presented simulations is too low, and the authors should 
plot figure S3a on a log-scale. 
Authors: We substantially expanded the modeling component of this work: 
● Improved statistics yields good agreement between the tail of the simulated depth profiles 
(seen in Figure 3b) and the actual depth measured in our PL experiments, (8 ± 2) nm. 
● We analyzed the contribution of lateral range and straggle to the lateral resolution and show 
that it amounts to ~6 nm for the case of Ge implantation into diamond by 30 keV Xe+. 
● We performed a detailed analysis of the momentum distribution of the Ge dopants at the 
film-diamond interface, which shows that they do not possess the strong directionality of the 
incident Xe ions. This suggests that Ge channelling is insignificant, consistent with our range 
simulations and measurement of the Ge depth-distribution  
● We increased the statistics of the calculations, presented in Figure 3b, and plotted them on a 
log scale. 
Instead of TRIDYN, we used our own code that allows us to implement and evaluate a broad range of 
mechanism, and data extraction/analysis algorithms. The Referee was likely contemplating the 
following effects, which we evaluated and dismiss because they are insignificant under our 
experimental conditions for these reasons: 
1. At an ion current of 10 pA (relevant to our analysis of Ge depth and lateral distributions), the 
average time between the arrival of ions at the target is ~16,000 ps. On the other hand, the 
time scale for the ballistic atom collision processes is on the order of 1 ps. Hence, nonlinear 
processes arising from collision cascade overlaps can be neglected. 
2. The (Ge) thin film is sputtered by the ion beam during implantation. Hence the thickness of 
the film at the end of the process is reduced and this will increase the Ge depth profile in 
diamond. However, under the conditions used to analyze Ge spatial distributions, this effect 
is negligible because the initial film thickness was ~15 nm and decreased by only ~2 nm. 
3. The high fluences quoted by the referee (i.e., >5×1014 cm-2) were not used in the experiments 
that we used to evaluate spatial distributions of Ge in diamond (we clarified this point in the 
manuscript). Instead, fluences on the order of ~1013 cm-2 were used, and are more directly 
relevant to the application we focused on (single emitters), and also more insightful for 







3rd June 2020 
 
 
Your manuscript entitled "Knock-on doping: A versatile method to direct-write dopants in a 
solid state host" has now been seen by 3 referees, who also saw the earlier version of your 
manuscript. Please find their comments attached below. In the light of their advice, we have 
decided that we cannot offer to publish your manuscript in N_xxxxxx. 
 
The reviewers appreciate the newly added information, data, and experiments and your 
response to the technical queries of the earlier round of review. And again, they emphasise 
the quality of your work. However, in their reports, reviewer#2, but also reviewer#3, raise 
again concerns regarding the advantages of your method in terms of widespread 
applicability, cost, or precision, over existing methods. As such potential advantages made 
us consider your work in the first place, the lasting criticism of the reviewers for us precludes 
publication of your work in N_xxxxxx. 
 
In particular, reviewer#2 doesn't feel that a convincing case is made that the method has 
considerable advantages over ion implanter systems. She/he misses a convincing 
demonstration that your method can achieve functionalities or designs not accessible with 
alternative methods. In addition, reviewer#3 is concerned about the validity of your 
arguments regarding the costs of the method compared to alternatives. And while we 
understand that there is some support from reviewer#1 and reviewer#3 for publication, the 
arguments above and some more technical concerns of the reviewers are important enough 
for us to no longer consider your manuscript. Reviewers Comments:  
 
Reviewer #1 (Comments for the Author): 
 
The authors suitably addressed the remarks that were raised in the first review, therefore the 
paper is considered suitable for publication in its present form. 
 
 
Reviewer #2 (Remarks to the Author): 
 
Review of revised manuscript: Knock-on doping: A versatile method to direct write dopants 
in a solid state host, by Fröch et al. 
The revised manuscript addresses most of the technical concerns raised by the referees 
with many new details of the experiments and results. 
The unnecessary hyperbole has also been removed. 
However, these essential changes have not addressed the main concern: the stated 
purpose of N_xxxxxx is to publish “… papers of the highest quality and significance”. The 
manuscript is now of high quality but does not meet the significance criterion. This is 
because of the following reasons: 
(1) As pointed out in several reviews, the authors have not made a strong case that their 
methods are significantly novel compared to the ion beam mixing work from some time ago. 
(2) There is an unconvincing case made that the advanced and expensive instrumentation 
employed for the experiments is more convenient and accessible than standard and less 
complex ion implanter systems. In fact, a much simpler system has already been 
demonstrated, see “Spin measurements of NV centers coupled to a photonic crystal cavity”, 
Jung et al., APL Photonics 4, 120803 (2019); https://doi.org/10.1063/1.5120120. In this work 
the authors employed an AFM nanostencil and a gas plasma source suitable for gas and 
solid state source material. 
(3) The rejoinder claims “The fabrication of single photon emitters with control down to the 
single defect level” but this is not substantiated in the revised manuscript where no such 
control is demonstrated. This is because the method cannot be used to fabricate and control 
single emitters any better than just broad beam irradiation combined with post implant 
searches for isolated single emitters created randomly by the beam. 
(4) The addition to the revised manuscript of examples of forward recoils from gas atoms in 
the vacuum system raises questions about the effect of unavoidable contamination of 
unwanted dopants introduced from residual gases in the vacuum system. 
(5) The addition to the revised manuscript of the implantation of an optical fibre is not novel 
because there are already examples in the literature of the fabrication of Bragg gratings and 
other structures in fibres by ion implantation. 
(6) The added uncertainties in the fabrication process arising from the co-implantation of the 
primary ions is likely to deter widespread take-up of the method. This means the method 
would probably not be viewed “Of extreme importance to scientists in the specific field” as 
required by the journal publication criteria. 
 
Finally, the authors have presented a sophisticated series of experiments which are 
described carefully in great detail about a method of creating random numbers of colour 
centres in a nanoscale localised area. What is missing is a significant problem that the 
method can address that cannot be solved by methods already published in the literature 
which may include a visionary device architecture with revolutionary potential applications. 
 
 
Reviewer #3 (Comments for the Author): 
 
The authors revised the manuscript and addressed most of the issues raised by the three 
reviewers in a proper way. However, I absolutely cannot recommend publishing the present 
version, because the authors still ignore good scientific practice.  
 
(1) In agreement with reviewer two, I pointed out that all single aspects of the presented 
technology are not new. Reviewer #2 even asked for the significance. In contrast, I do see 
the significance in the combination of all applied aspects, which I mentioned in my previous 
report, and I do appreciate the two new applications (Eu3+ in fibers, nitrogen) the authors 
presented in the revised manuscript. However, the flavor of the writing and presentation is 
still not suitable for any scientific journal. The authors like to give an old technique a new 
flavor by renaming the process (answer letter, page 12 mid). This behavior discredits 
science and furthermore polarizes the science community – especially people from the ion 
beam community will be upset. There is no need for this article nor for N_xxxxxx to do 
tabloid journalism! I strongly recommend to replace all lurid phrases, such as “knock-on”, 
“new”, … with appropriated scientific terms throughout the 
manuscript, as I suggested already in my first review report. Including the title. 
 
(2) Next is the discussion on the “costs”, which was also full in line with reviewer 2. I agree 
that an implanter in combination with photolithography system (which btw can indeed make 
today structures on the 10 nm level) is more expensive than a Xe FIB/SEM & sputter coater. 
Sure, these are the investments. However, the authors compare apples and oranges! I like 
to see how cheap it will be, when the author will structure a 450 mm diameter wafer with 
their approach. I guess they will need a decade. On the other side, multiple large-scale 
wafers can easily be implanted within minutes by the conventional route. Maybe the authors 
need a lecture on full-cost pricing at a business school, and then they will understand the 
extreme low costs of conventionally implanted consumer electronics with 20+ 
photolithography and implantation steps to make multiple element and (even 3D) 
concentration gradient structures. The key point: WHY is it necessary to discuss costs in a 
physics article? 
There is no need for this, therefore I recommend fully removing this aspect throughout the 
manuscript, and I give the advice to the authors not to use such an argument at any oral 
presentation. This again would only polarize the community.  
 
(3) Answer letter, page 6, comment to reviewer 2. The sentence “…“no killer applications” 
have been identified ... and … are limited to effects such as changes in electrical doping of 
semiconductors” is clear cockiness of the authors on their field. On one side, today there is 
no single killer application for color centers in diamond, which I can buy in a store, and on 
the other hand, consumer electronics – including the mobile phones of the authors – rely on 
the changes in electrical doping of semiconductors by conventional implantation! Again – 
why do the authors need to polarize the community? There is no need for such a behavior.  
 
(4) Lines 56 – 58. The sentence “They (… standard implanters …) are also generally 
ineffective for the implantation of foreign species into atomically-thin materials such as 
graphene or transition metal dichalcogenides, … ” is wrong. The authors should read the 
reference in detail. True is that any element into any 2D-material can be implanted using 
standard implanters, because they provide ion energies as low as 20 eV! Up to now there is 
no single FIB-system, which can provide such low ion energies!  
 
(5) Even though I appreciate the experiments with nitrogen – supplementray information 2 – 
these experiments are not convincing at all. Figure S3(b) does not show an PL-intensity 
increase as a function of ion fluence for the field 1 to 4, and even worse: the PL-yield seems 
here to be comparable to the not irradiated area between fields 2 and 6, 3 and 7, 4 and 8. 
Only field 5 shows a clear signal. 
 
10/06/2020 
Dear Dr ___, 
Before we address in details the referee’s comments, it is important to look back at their comments. 
I am sure you would agree that referee #3 is recommending acceptance and the sole reservation is 
with the style. In fact most of the comments refer to what we’ve written in the response letter and 
not in the actual manuscript, AND the referee identified clearly the significance of our method and its 
new applications. On the other hand, we are confused and disappointed with the biased tone and 
incorrect statements of reviewer #2. The referee clearly “caved” on their original assessment which 
included a long list of questions, which we have fully (!) addressed, and now bluntly citing the journal 
guidelines and saying “this work does not meet those” without citing any prior literature. If I am a 
reviewer for you, Ben, would you really consider such an empty claim of “it’s not new”?    
There are only a handful of examples where an old technology “unexpectedly” produces “state-of-the 
art” science. This on its own is what pushes the scientific boundaries, promotes innovation and triggers 
the non-conventional line of thought. This is what inspires the new generation of scientists, and this 
is what our research is about. The current work is not aimed at replacing an ion implanter. One should 
be naïve to think that way. Same as graphene did not replace the transistor and the NV centre did not 
replace the SQUID. Yet, it is the unlimited unexplored potential of a method that exists in the vast 
majority of universities and can indeed be exploited to study cutting edge science — in a way that no 
one envisioned before (as even referee #2 acknowledged in the first round!). Graphene is not amazing 
because you can measure the Hall effect at room temperature. It is amazing because you only need a 
scotch tape to do so, rather than a highly sophisticated GaAs MBE chamber. Likewise, almost every 
university has a FIB these days, but only a few countries have, as a matter of fact, a commercial ion 
implanter.  
We did not claim that our results will “achieve functionalities or designs not accessible with 
alternative methods” — as stated in your letter. Ironically, however, throughout the revision we 
realised we can make this claim. And we proved it experimentally by producing luminescence from 
emitters implanted right at the facet of an optical fibre; something that our technology can achieve, 
uniquely. I dare you or referee #2 find a reference that does this with a conventional implanter. But 
more importantly, we are the first to identify that an “old” technology from the 80s can be used today, 
and generate cutting edge results in quantum technologies, nanophotonics and nanotechnology. 
Don’t you think this fact alone is inspiring? Combining with a straight acceptance recommendation of 
reviewer #1, and the stylistic recommendation from reviewer #3, which we took on board, we strongly 
believe our work is suitable for N_xxxxxx.  
Finally, we would be happy for the paper to be revisited again by reviewer #3, or even sent to a 4th 
referee, but as you would see below, we would prefer if you wouldn’t send it back to reviewer #2.  
Igor Aharonovich 
Reviewer #2 (Remarks to the Author): 
The revised manuscript addresses most of the technical concerns raised by the referees 
with many new details of the experiments and results. The unnecessary hyperbole has also 
been removed. 
However, these essential changes have not addressed the main concern: the stated 
purpose of N_xxxxxx is to publish “… papers of the highest quality and significance”. The 
manuscript is now of high quality but does not meet the significance criterion. This is 
because of the following reasons: 
Before we address these comments in details, it is critical to note that the reviewer throws out 
controversial statements, which are simply wrong and are not substantiated by any reference.  
(1) As pointed out in several reviews, the authors have not made a strong case that their 
methods are significantly novel compared to the ion beam mixing work from some time ago. 
As was explained in the first revision, the works on ion mixing were a proof of principle study. 
This method was hidden in the literature and not used successfully for any application. We 
identified it, and found critical applications that work. This is in fact a major, radical advance 
over what has been done.  
More specifically, ion beam mixing/recoil implantation was mostly studied with a focus on 
mixing at the interface of adjacent layers. In part this was done out of scientific interest with 
no application in mind and mainly to attempt at studying physical effects occurring during this 
process (1-3). Some papers mention the advantage of increasing the surface adhesion and to 
utilise this characteristic e.g. for chemical processing under harsh conditions (4) or wafer 
bonding (5). One recent report mentioned the utilisation of a SiC layer fabricated by ion beam 
mixing (6). Earlier attempts tried to look into the realisation of electrical doping, or metal 
contacts to reduce gate/source/train resistances but that was NOT actually demonstrated (7-
11). Most relevant, there was one paper reporting an attempt of implanting Er into Si, which 
however did not show a spectrum of the implanted material (12). 
Objectively, we succeeded in demonstrating an effect that was pursued by the community for 
40 years and abandoned due to major technical difficulties which we have overcome with an 
elegant manner. This is, in our view, the definition of “significantly novel”. 
(2) There is an unconvincing case made that the advanced and expensive instrumentation 
employed for the experiments is more convenient and accessible than standard and less 
complex ion implanter systems. In fact, a much simpler system has already been 
demonstrated, see “Spin measurements of NV centers coupled to a photonic crystal cavity”, 
Jung et al., APL Photonics 4, 120803 (2019); https://doi.org/10.1063/1.5120120. In this work 
the authors employed an AFM nanostencil and a gas plasma source suitable for gas and 
solid state source material. 
We appreciate the reference suggestion, and acknowledge the importance of that work but it 
has little to no relevance with regard to our work. We really are not sure how an AFM integrated 
system with the FIB is simpler than just a FIB. This is objectively, nonsense.  
(3) The rejoinder claims “The fabrication of single photon emitters with control down to the 
single defect level” but this is not substantiated in the revised manuscript where no such 
control is demonstrated. This is because the method cannot be used to fabricate and control 
single emitters any better than just broad beam irradiation combined with post implant 
searches for isolated single emitters created randomly by the beam. 
Once again, we are confused by this comment. Single emitter arrays (!) are shown in figure 2 — all 
autocorrelation functions (insets) prove single emitters. how can this be missed? There is no need in 
any post implant “search” since we are making an array.  
(4) The addition to the revised manuscript of examples of forward recoils from gas atoms in 
the vacuum system raises questions about the effect of unavoidable contamination of 
unwanted dopants introduced from residual gases in the vacuum system. 
There is no evidence of residual gas contamination in our results. The spectrum from a 
reference irradiation performed in the absence of N2 that we provided shows no NV formation. 
Moreover, contamination from gases is not a problem in general – as we explained in revision 
1, these gas injection methods are used routinely in these instruments – without problems. 
Once again, the referee makes claims that are strong, controversial and wrong without backing 
them up.  
Nevertheless, as referee #3 also commented on that, we repeated this measurement and 
showed a better set of results with increasing intensity from the formed NV centres, as 
requested by referee #3.  
  
(5) The addition to the revised manuscript of the implantation of an optical fibre is not novel 
because there are already examples in the literature of the fabrication of Bragg gratings and 
other structures in fibres by ion implantation. 
This is an incorrect statement. While fabrication of Bragg grating is done using ion implanters, 
it is NOT creation of optically active defects. Our process is not about making structures; its 
about generating fluorescence. Surely the referee is aware of that. For the referee’s benefit, 
we include ref [13-15] where this work is performed. The referee may find it interesting, that in 
fact, in all those works, the implantation is done through the cladding (i.e. the long side of the 
fibre) rather than the “top facet” as done in our work.  
We are disappointed with this uninformed comment from the referee.  
 
(6) The added uncertainties in the fabrication process arising from the co-implantation of the 
primary ions is likely to deter widespread take-up of the method. This means the method 
would probably not be viewed “Of extreme importance to scientists in the specific field” as 
required by the journal publication criteria. 
Once again — for us to respond appropriately, we need to understand what uncertainties does 
the reviewer refer to? In fact, we added in the revised version a very detailed modelling 
analysis of the depth profile of the ions, exactly for that reason and as the referee originally 
requested (comment about sub 50 nm, first revision), and the reviewer rather conveniently 
chose to ignore those. Quoting the guidelines and saying, bluntly “it’s not going to be adapted” 
is a highly subjective and inappropriate comment.  
Finally, the authors have presented a sophisticated series of experiments which are 
described carefully in great detail about a method of creating random numbers of colour 
centres in a nanoscale localised area. What is missing is a significant problem that the 
method can address that cannot be solved by methods already published in the literature 
which may include a visionary device architecture with revolutionary potential applications. 
 
The vision and the potential applications are written in a scientific and appropriate manner in 
the abstract, introduction and the conclusions of the manuscript. In fact, this same referee 
already commended that “The authors present some new applications for the method that would 
not have been contemplated in the 1980’s.” The same was also explained in the original response 
letter, and in light of the unsubstantiated comments from the referee, we doubt any answer 
will ever be satisfactory to them.  
Reviewer #3 (Comments for the Author): 
We first would like to apologise that our language seemed to upset the reviewer. It was not 
the intention, and most of the argument were indeed kept to the response letter. We now 
corrected it all throughout the manuscript as detailed below. 
The authors revised the manuscript and addressed most of the issues raised by the three 
reviewers in a proper way. However, I absolutely cannot recommend publishing the present 
version, because the authors still ignore good scientific practice.  
We thank the reviewer for acknowledging that the issues were addressed in a proper way 
and below, would like to ensure we also corrected the style to meet the adequate scientific 
practice.  
(1) In agreement with reviewer two, I pointed out that all single aspects of the presented 
technology are not new. Reviewer #2 even asked for the significance. In contrast, I do see the 
significance in the combination of all applied aspects, which I mentioned in my previous report, 
and I do appreciate the two new applications (Eu3+ in fibers, nitrogen) the authors presented 
in the revised manuscript. However, the flavor of the writing and presentation is still not suitable 
for any scientific journal. The authors like to give an old technique a new flavor by renaming 
the process (answer letter, page 12 mid). This behavior discredits science and furthermore 
polarizes the science community – especially people from the ion beam community will be 
upset. There is no need for this article nor for N_xxxxxx to do tabloid journalism! I strongly 
recommend to replace all lurid phrases, such as “knock-on”, “new”, … with appropriated 
scientific terms throughout the manuscript, as I suggested already in my first review report.  
We are glad the referee acknowledges the significance of the paper and clearly understood 
the extra results. We take on board the comments about the wording, and replaced knock-on 
with recoil implantation. The word “new” was in fact never used throughout the manuscript. 
(2) Next is the discussion on the “costs”, which was also full in line with reviewer 2. I agree 
that an implanter in combination with photolithography system (which btw can indeed make 
today structures on the 10 nm level) is more expensive than a Xe FIB/SEM & sputter coater. 
Sure, these are the investments. However, the authors compare apples and oranges! I like to 
see how cheap it will be, when the author will structure a 450 mm diameter wafer with their 
approach. I guess they will need a decade. On the other side, multiple large-scale wafers can 
easily be implanted within minutes by the conventional route. Maybe the authors need a 
lecture on full-cost pricing at a business school, and then they will understand the extreme low 
costs of conventionally implanted consumer electronics with 20+ photolithography and 
implantation steps to make multiple element and (even 3D) concentration gradient structures. 
The key point: WHY is it necessary to discuss costs in a physics article? There is no need for 
this, therefore I recommend fully removing this aspect throughout the manuscript, and I give 
the advice to the authors not to use such an argument at any oral presentation. This again 
would only polarize the community. 
Indeed, we agree and the reference to cost (the phrase “cost effective”) was removed. Simply 
for sake of clarity, what we meant by “cost” is accessibility. I think the referee will agree that 
presence of FIBs and sputters is by far more common than ion implanters.  
 (3) Answer letter, page 6, comment to reviewer 2. The sentence “…“no killer applications” 
have been identified ... and … are limited to effects such as changes in electrical doping of 
semiconductors” is clear cockiness of the authors on their field. On one side, today there is no 
single killer application for color centers in diamond, which I can buy in a store, and on the 
other hand, consumer electronics – including the mobile phones of the authors – rely on the 
changes in electrical doping of semiconductors by conventional implantation! Again – why do 
the authors need to polarize the community? There is no need for such a behavior.  
Yes, we absolutely agree. That text was only in the response to referee comments, not in the 
actual paper. The comment about consumer electronics was made by referee 2 (“… 
computers / mobile phones etc. are today very cheap”) – it is not relevant to the paper and we 
had to respond to it in the letter. 
(4) Lines 56 – 58. The sentence “They (… standard implanters …) are also generally 
ineffective for the implantation of foreign species into atomically-thin materials such as 
graphene or transition metal dichalcogenides, … ” is wrong. The authors should read the 
reference in detail. True is that any element into any 2D-material can be implanted using 
standard implanters, because they provide ion energies as low as 20 eV! Up to now there is 
no single FIB-system, which can provide such low ion energies!  
Strictly speaking, we agree with the referee comment and revised this statement. However, 
the situation isn’t as “simple” as the referee portraits. Contamination is still a large challenge 
(e.g.  https://pubs.acs.org/doi/10.1021/acsnano.8b01191). In addition, fit for purpose of 
commercial ion implantation systems isn’t obvious and the community is striving to develop 
other, rather cumbersome systems (e.g. https://pubs.acs.org/doi/10.1021/acsnano.9b10196) 
(5) Even though I appreciate the experiments with nitrogen – supplementray information 2 – 
these experiments are not convincing at all. Figure S3(b) does not show an PL-intensity 
increase as a function of ion fluence for the field 1 to 4, and even worse: the PL-yield seems 
here to be comparable to the not irradiated area between fields 2 and 6, 3 and 7, 4 and 8. 
Only field 5 shows a clear signal. 
This is a good point. The PL spectra do look alike due to normalisation, but the intensity certainly 
increases. The intensity in between was high due to a non-focused ion beam (scattering). We redid 
this measurement. The new figure is shown as figure S3.  
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19th June 2020 
 
Thank you for your letter asking us to reconsider our decision on your manuscript entitled 
"Knock-on doping: A versatile method to direct-write dopants in a solid state host". Now that 
I have had a chance to discuss the matter carefully with ___, I am sorry to have to tell you 
that we do not feel able to reverse our original decision. 
 
Although we do understand the points you raise about some of the statements of 
reviewer#2, we feel that some of her/his concerns remain valid (at least from our 
perspective). E.g., there is no doping of the facet of an optical fibre demonstrated, yet there 
are demonstrations of the preparation of resonant structures and gratings on the facet of 
optical fibres via FIB in literature [https://doi.org/10.1063/1.3596442, 
https://www.nature.com/articles/srep15935]. We do not say that this the same, but in our 
opinion, such demonstrations reduce the nominal advance.  
 
Regarding two other points of the referee you criticise: 
from the comments we understood that she/he was pointing at the role of contamination with 
primary ions from the beam when mentioning uncertainties; And while there are indeed 
single emitters in your arrays, the implantation is not deterministic but probabilistic at each 
positions in the array. So we cannot agree that the criticism of reviewer#2 is without 
substance.  
 
We surely understand that these points can be judged from different perspectives and so 
can the question of advance.  
Therefore, we also understand that different referees come to different conclusions. Yet, let 
me note that it is in the end an editorial decision, not one made by the referees. We need to 
gauge the different arguments of the reviewers. And in this case, one of the main reasons 
why we considered the work was the claim of a new method, which seems to us no longer 
justified. This is not to say that the presented method will not find application in many labs 
around the globe. Yet, our judgement remains that this work should be better published in an 
alternative outlet.  
 
I am sorry that we cannot be more positive on this occasion but hope that you find our 




Dear Dr ____,  
I’ve read the final decision sent from ___. I do understand that the editorial board has their own 
considerations, but those must be based on facts and ethical merits. In this case, the decision seems 
to be based on fiction and a clear bias, and I truly sorry we have come to this. I do not ask you to accept 
our paper, I just ask you to consult with another referee and potentially return it to the 3rd referee for 
their final opinion.  
You have a clear recommendation to publish from ref #1 and only stylistic changes from ref #3. Most 
comments by referee 2 are wrong, biased and misleading and we provided you with objective 
references. You cannot possibly consider FIB milling of a multimode fibre, as anything even remotely 
compared to deterministic light creation in a core of a single mode fibre – i.e. our work. This is as 
absurd – like comparing the first transistor (the bulky one!) to any other nanoelectronic device ever 
made, or comparing any work on diamond NV EPR from the 80s with state of the art NV 
magnetometry. I trust you know the difference. 
While I understand the editorial board “need to gauge the different arguments of the reviewers”, the 
gauging must be based on facts not on fiction! It is obvious referee #2 isn’t interested to provide a 
constructive or an objective advice. There is NO contamination in our work (it is proven in our figures!) 
and the fabricated arrays are deterministic. Like with any method, we are doing a calibration run and 
repeat it deterministically. If it wasn’t deterministic, you wouldn’t have had a monotonically increased 
dose/luminescence signal. The parameters do NOT change from run to run. So if you need to base 
your opinion on a reviewer, it is fine, but please consult an objective one and send it to a 4th referee.  
Our work is showing something unpredictable with “manipulation and control of materials at truly 
atomic scales” – just as written in n_xxxxxx aims. I urge you to send the paper to an objective 4th 
referee and/or reconsider our original appeal.  I would also be happy to speak to you over the phone. 
 
22nd July 2020 
 
Dear Igor,  
 
I am finally getting back to you regarding your second letter asking us to revise revert the 
decision. I have gone through the all the versions and I have thought about it for a while 
(admittedly it took me longer than anticipated). And I am really sorry but I really do not feel 
able to change the decision.  
 
I really appreciate the frustration that you may have especially if you disagree with some 
comments by the reviewers. But eventually we have to look at the overall picture formed by 
the review process. From the start, when after our conversation we agreed to send it to 
reviewers our interest was primarily in the practical potential with respect to other 
techniques. And eventually the overall impression we gather from the reviewers is that such 
potential is not really justified.  
 
 
 
 
